In acromegaly, somatostatin receptor ligands (SRLs) can ameliorate left ventricular hypertrophy (LVH) and their use is associated with demonstrable improvements in various parameters of cardiac function. It remains unclear as to whether these beneficial effects are principally attributable to falling GH and IGF-I levels, or whether SRLs exert independent direct effects on the heart via somatostatin receptors. To help address this issue, we have sought to investigate somatostatin receptor expression in human heart. A human heart cDNA library was probed using PCR techniques to determine expression of somatostatin receptor subtypes. Subsequently, human heart biopsies and human cardiac fibroblasts and myocytes were analysed to determine whether expression differed between cardiac chambers or cell types. mRNAs for four of the five somatostatin receptor subtypes (sst1, sst2, sst4 and sst5) were shown to be co-expressed by the human heart. These receptors were present in both atrial and ventricular tissue. Human cardiac myocytes expressed mRNA for only sst1 and sst2, while human cardiac fibroblasts expressed all four subtypes found in whole heart tissue. The expression of functional somatostatin receptors on human cardiac fibroblasts was confirmed by mobilisation of intracellular calcium in response to somatostatin. The presence of cardiac somatostatin receptors raises the possibility of a direct effect of somatostatin analogues on the heart. Furthermore, the differential expression of somatostatin receptor subtypes by human cardiac myocytes and fibroblasts opens up the possibility of differential modulation of the cell types in the heart by subtype-specific somatostatin analogues.
Introduction
Acromegaly is a rare but important endocrine disorder associated with a reduced life expectancy. Subjects with uncontrolled acromegaly have a 2-to 5-fold greater mortality than controls, 60% of which is due to cardiovascular disease (Wright et al. 1970 , Orme et al. 1998 . The main structural cardiac abnormality is left ventricular hypertrophy (LVH) (for review see Colao et al. (2001a) ). LVH in acromegaly is characterised by both myocyte hypertrophy and a disproportionate accumulation of fibrillar collagen (up to 8-fold greater than in biopsies from patients with mitral stenosis (Frustaci et al. 1999) . Lymphomononuclear infiltration and areas of monocyte necrosis resembling myocarditis have also been described (Lie 1980) . These changes are likely to account for the observed functional abnormalities of impaired left ventricular diastolic function, impaired exercise tolerance and ventricular arrhythmias which are recognised complications of cardiac involvement in acromegaly (Clayton 2003) . The coexistence of hypertension increases the incidence of cardiac abnormalities (Colao et al. 2000a) and the risk of premature death (Holdaway et al. 2004) .
Treatment with the somatostatin receptor ligands (SRLs) octreotide (Lim et al. 1992 , Tokgozoglu et al. 1994 , Colao et al. 2000b ) and lanreotide (Baldelli et al. 1999 , Manelli et al. 1999 has been shown to promote regression of LVH with some studies also demonstrating improvements in left ventricular diastolic function (Thuesen et al. 1989 , Merola et al. 1993 , Colao et al. 1999 . It is worth noting, however, that while these results are encouraging, to date, no studies have been of sufficient duration to establish whether normalising cardiac structure ultimately translates into reduced cardiovascular mortality. In the meantime, therefore, we are dependent upon demonstrating improvements in surrogate markers of disease activity while the results of long-term follow-up studies are awaited. In this regard, treatment with SRLs is effective in suppressing various markers of acromegalic disease activity (Ezzat et al. 1992 ), which in turn has been associated with improved overall survival (Orme et al. 1998 , Holdaway et al. 2004 . Furthermore, improvements in exercise capacity (Padayatty et al. 1996) and cardiac output in subjects with heart failure (Chanson et al. 1990 ) have been reported following octreotide therapy. Together these data have led some authors to suggest that restoring cardiac structure and function should become an objective of treatment in acromegaly (Clayton 2003) .
Up until now it has generally been assumed that LVH regression in response to SRL therapy is mediated through the reduction in circulating growth hormone (GH) and insulin-like growth factor-I (IGF-I) levels (Colao et al. 2001b) . To our knowledge, no studies have so far sought to determine whether there is a direct cardiac effect of SRLs in the reversal of acromegaly-associated cardiomyopathy and its consequences. Morover, if such an effect was present, it would mandate further studies to explore its potential relevance in patients with pathological LVH of other causes such as hypertension.
LVH is a frequent complication of hypertension with its presence well recognised as a marker for risk of death (Levy et al. 1994) . Previously reported data suggest that regression of LVH associated with antihypertensive therapy is associated with improved outcome (Verdecchia et al. 1998 , Mathew et al. 2001 . The pathological changes in hypertensive LVH are similar to those found in acromegaly with disproportionate proliferation of cardiac fibroblasts and accumulation of fibrillar collagen. This growth of the cardiac interstitium has significant functional effects on the left ventricle leading to abnormal relaxation and the clinical syndrome of heart failure even before the development of systolic dysfunction (Weber & Brilla 1991) . Modulation of cardiac fibroblasts is therefore of particular interest in both acromegaly and hypertension. Several factors have been shown to contribute to the development of LVH in hypertension but particular interest has focused on IGF-I (for review see Delafontaine (1995) ).
The peptide hormone somatostatin can inhibit both the release and mitogenic effects of growth factors including IGF-I. It exerts its effects through five G-protein-coupled receptor subtypes (sst1-sst5). These receptors couple to a variety of signal transduction pathways -including inhibition of adenylate cyclase (Patel et al. 1994) , mobilisation of intracellular calcium ) and activation of protein tyrosine phosphatases (Buscail et al. 1995) -which can inhibit cell proliferation. In rat heart, sst1, sst3 and sst4 are expressed but sst2 and sst5 are not, as evidenced by mRNA expression (Bruno et al. 1993) . In the human heart, mRNA encoding sst5 is present (O'Carroll et al. 1994) . However, this study focused only on sst5 and did not look for the other receptor subtypes nor did it explore the location of sst5 expression within the heart. These two studies serve to highlight important species-specific differences in receptor subtype expression and emphasise the necessity for studies in human tissue if meaningful conclusions with direct relevance to clinical practice are to be drawn.
In this study we have determined somatostatin receptor subtype expression at the mRNA level in the human heart. We have identified differential receptor subtype expression between myocytes and fibroblasts and demonstrate mobilisation of intracellular calcium in response to somatostatin in human cardiac fibroblasts.
Materials and Methods

PCR analysis used to identify expression of human somatostatin receptor subtypes
The primer pairs used for PCR analysis are shown in Table  1 . Optimal PCR conditions for amplification of all five receptor subtypes were established using a QUICK Screen universal human cDNA library (Clontech) as a template. For sst1, sst3, sst4 and sst5 receptors, a GC-2 cDNA PCR kit (Clontech) was used. Each 50 µl reaction consisted of: 24 µl ultrapure H 2 O, 10 µl 5 buffer, 10 µl GC Melt, 1 µl 50 dNTP mix (10 mM), 1 µl forward primer (25 µM), 1 µl reverse primer (25 µM), 1 µl Advantage GC Polymerase Mix, 2 µl template cDNA. Cycle parameters used were: 94 C for 60 s (activation) followed by 35 cycles of 94 C for 30 s (melting) and 68 C for 180 s (combined annealing extension). This was followed by a final extension period of 180 s at 68 C. For sst2 receptors, an Advantage PCR kit (Clontech) was used. Each 50 µl reaction consisted of: 40 µl ultrapure H 2 0, 5 µl 10 cDNA PCR buffer, 1 µl 50 dNTP mix (10 mM), 1 µl forward primer (25 µM), 1 µl reverse primer (25 µM), 1 µl Advantage Polymerase Mix, 1 µl template cDNA. Cycle parameters used were: 94 C for 60 s (activation) followed by 35 cycles of 94 C for 30 s (melting), 64 C for 30 s (annealing) and 68 C for 150 s (extension). This was followed by a final extension period of 180 s at 68 C. Appropriate negative PCR controls were used in every experiment. Products were initially identified by their size, determined using 1% agarose gel electrophoresis, and subsequently confirmed by DNA sequencing of both strands. Once optimal PCR conditions were established, they were used to probe for expression of somatostatin receptor subtypes in a human heart cDNA library (Gibco) and cDNA prepared from heart biopsies, cardiac fibroblasts and cardiac myocytes.
Human heart biopsies
The investigation conforms with the principles outlined in the Declaration of Helsinki and received local research ethics committee approval. Biopsies of the right atrial appendage (5 mm 5 mm 2 mm) were taken using a scalpel at the time of right atrial cannulation for cardiopulmonary bypass in subjects undergoing mitral valve replacement or coronary artery bypass surgery. Endocardial biopsies (2 mm 2 mm 1 mm) of the left ventricle (LV) were taken from patients undergoing mitral valve replacement for lone mitral stenosis. None of the patients from whom an LV biopsy was taken had ischaemic heart disease and all had good left ventricular function at cardiac catheterisation and on echocardiography. All biopsies were snap-frozen immediately in liquid nitrogen and stored at 70 C, for mRNA extraction or placed in cell culture medium at 4 C for fibroblast culture.
mRNA extraction and reverse transcription mRNA was extracted from both tissue and cultured cells using a µMACs magnetic bead mRNA isolation kit (Miltenyi Biotec, Surrey, UK) according to the manufacturer's instructions. Briefly, cardiac tissue (5-50 mg) was ground to a fine powder under liquid nitrogen and added to 1 ml of lysis buffer. This was vortexed vigorously for 3 min and filtered before magnetic oligo-dT primer was added. The lysate was then run through a µMACs column in a magnetic field. mRNA hybridised to the magnetic oligo-dT was held in the column while DNA, rRNA and proteins were removed using a series of wash steps. Thereafter mRNA was eluted in water. Myocyte and fibroblast cell pellets were resuspended in 1 ml of lysis buffer and processed as above.
Reverse transcription was performed immediately after extraction of mRNA with a thermoscript reverse transcriptase PCR kit (Gibco) according to the manufacturer's instructions using an Oligo-dT primer. Appropriate negative controls were performed.
Isolation of human cardiac fibroblasts and myocytes
Human cardiac fibroblasts were isolated by a method similar to that of Neuss et al. (1996) . Briefly, biopsies were washed and minced then incubated in Dulbeco's modified Eagle's medium (DMEM; Gibco) supplemented with antibiotic-antimycotic mix and 0·1% BSA (Sigma) and 2000 u/ml collagenase (Worthington Biochemical Corporation, Lakewood, New Jersey, USA) at 37 C in 10% CO 2 in air for 3 h. Following this, the solution was centrifuged for 10 min at 220 g to produce a pellet of cardiac cells, which were then resuspended, washed and subsequently seeded into 75 cm 2 flasks in growth medium consisting of DMEM supplemented with -glutamine, antibiotic-antimycotic mix and 15% foetal calf serum (Helena Biosciences, Sunderland, UK). Cells were incubated in 10% CO 2 at 37 C for 30 min. In these conditions only the fibroblast population adheres to the uncoated plastic. Thereafter, the culture medium was removed and 15 ml fresh growth medium added. The adherent fibroblasts were allowed to grow in 10% CO 2 at 37 C. When confluent, cells were trypsinised and seeded into larger flasks or multi-well plates. The rate of proliferation reduced markedly after the fifth to seventh passage as observed in earlier studies by Neuss et al. (1996) and, accordingly, all experiments were performed on cells between the first and fifth passage.
When cultured cells were used as a source of mRNA, they were trypsinised, resuspended in growth medium and then immediately centrifuged at 220 g for 5 min at 4 C to form a pellet. The medium was removed and the cell pellet snap-frozen and stored at 70 C until mRNA isolation.
Cardiac myocytes were isolated from explanted, donor human hearts that were technically unsuitable for organ donation, using methods previously described (Davies et al. 1995) . After isolation these cells were snap-frozen and stored at 70 C until mRNA isolation.
Immunohistochemical characterisation of fibroblasts
Cells were plated onto glass coverslips in 24-well plates and allowed to grow to around 40-70% confluency. The cells were fixed with 4% paraformaldehyde for 30 min at room temperature and then permeablised by washing 4 15 min with 1% v/v TritonX in PBS. Cells were incubated overnight on a shaker at 4 C with the following primary antibodies at 1:400 dilution:anti-vimentin (Sigma), anti -smooth muscle actin (Sigma) and anti-von Willebrands factor (Dako A/S Produktionsvej 42, DK-2600 Glostrup, Denmark). Following extensive washing, secondary fluorescent antibodies (donkey antimouse IgG conjugated to Cy3 for detection of antivimentin and anti -smooth muscle actin primaries and donkey anti-rabbit IgG conjugated to fluorescein isothiocyanate (FITC) for the anti-von Willebrands factor primary-Jackson ImmunoResearch Labs) were added at a dilution of 1:200 for 4 h at room temperature in the dark, with continuous agitation. Non-specifically bound secondary antibody was removed with three further 15 min washes with PBS. Cells were examined with an Axioskop epifluorescence microscope. Excitation light of 450-490 nm wavelength was used to visualise FITC and 534-558 nm wavelength to visualise Cy3, with BP515-565 and LP590 emission barrier filters respectively. Images were directly captured from the microscope with a JVC KY-F55BE colour charge-coupled device and an Acquis Video Imaging System.
Measurement of intracellular calcium
Cells grown on glass coverslips were incubated with the cell-permeant fluorescent probe fura 2-AM (5 µM) in Krebs-Ringer buffer (pH 7·4) consisting of 145 mM NaCl, 5 mM KCl, 1·3 mM MgCl 2 , 1·2 mM NaH 2 PO 4 , 1·3 mM CaCl 2 , 10 mM glucose and 20 mM HEPES, at room temperature in the dark for 1 h. Loaded cells were then washed free of extracellular dye, and the coverslip mounted in an open culture chamber placed on the stage of an inverted Nikon microscope and maintained at 37 C in Krebs-Ringer buffer. Dynamic video imaging was carried out as described previously (Morton et al. 1992) , using Magical hardware and TARDIS software (Applied Images, Sunderland, UK) and a low light level intensified charge-coupled device camera (Photonic Science, Robertsbridge, UK). The TARDIS software creates dynamic pseudo-colour images of the cells, the colour scale representing the concentration of intracellular Ca 2+ , and therefore provides spatial and temporal resolution of the free Ca 2+ concentration in individual cells.
Results
PCR of cDNA libraries
Using a QUICK Screen universal human cDNA library as a template, the optimal PCR conditions permitting amplification of gene fragments from all five somatostatin receptor subtypes were determined (Fig. 1A) . The identities of these fragments were subsequently confirmed by DNA sequencing (data not shown). Under identical conditions, we were able to amplify gene fragments of sst1 sst2, sst4 and sst5 receptors using the human heart cDNA library as a template (Fig. 1B) . Each result was validated in three independent reactions. In marked contrast, the gene fragment of the sst3 receptor could not be amplified (Fig. 1B) in any of six independent PCR experiments. These data therefore suggested that mRNA for sst1, sst2, sst4 and sst5 -but not sst3 -receptors are expressed in the human heart.
RT-PCR of human heart tissue: chamber localisation
RT-PCR on mRNA isolated from human right atrial appendage resulted in the amplification of sst1 sst2, sst4 and sst5 but not sst3 receptor gene fragments ( Fig. 2A) . This finding was consistent in biopsies taken from three different subjects with each experiment conducted in triplicate. Similarly mRNA encoding the same four somatostatin receptor subtypes was detected in tissue obtained from human left ventricular biopsies with the consistent absence of sst3 (Fig. 2B) . Again, three separate biopsies, each taken from a different patient were studied in triplicate. These data are consistent with our earlier findings in the heart cDNA library and further suggest that mRNA for sst1, sst2, sst4 and sst5 -but not sst3 -receptors are expressed throughout the human heart at the tissue level.
RT-PCR of human cardiac fibroblasts
Immunohistochemical studies of cultured human cardiac fibroblasts revealed that they stained positively for vimentin and for smooth muscle -actin (Fig. 3) but not for von-Willebrand factor. RT-PCR analysis of the messenger RNA extracted from these cultured cells produced amplification of the gene fragments for sst1, sst2, sst4 and sst5 -but not sst3 -receptors (Fig. 4A) . These results were independent of cell passage number (one to five) and were consistent in all fibroblast lines established from three separate patients. They suggest that these four somatostatin receptor subtypes are expressed on human cardiac fibroblasts.
RT-PCR of human cardiac myocytes
RT-PCR analysis of the messenger RNA extracted from these cells produced amplification of the gene fragments for sst1 and sst2 receptors, but not for sst3, sst4 and sst5 receptors (Fig. 4B) . Due to the scarcity of isolated human cardiac myocytes (from donor hearts) only two subject samples were analysed (n=3 experiments on each). Interestingly, however, these data suggest that only sst1 and sst2 receptors are expressed on human cardiac myocytes.
Measurement of intracellular calcium mobilisation in human cardiac fibroblasts
The addition of somatostatin (10 -6 M) resulted in a rapid and significant mobilisation of intracellular calcium in cultured human cardiac fibroblasts (Fig. 5) . This was consistent both early, after the first passage, and later, after the fifth passage (n=3 patient samples). These data are consistent with the earlier RT-PCR data relating to expression of mRNA. They demonstrate that functional somatostatin receptors capable of coupling to intracellular messengers are expressed by human cardiac fibroblasts.
Discussion
PCR conditions were initially optimised using a human universal cDNA library, representing 13 different tissue cDNAs (including the heart). As anticipated, using such a broad tissue library we successfully established conditions to amplify gene fragments for all 5 somatostatin receptor subtypes. Next, using this approach we screened a human heart cDNA library and noted that the human heart expresses sst1, sst2, sst4 and sst5 -but not sst3 -receptors. Our subsequent data from RT-PCR analysis of myocardial biopsies are important in two ways. Firstly they are in keeping with our findings from the heart cDNA library thereby confirming that the mRNAs for the somatostatin receptor subtypes sst1, sst2, sst4 and sst5 are expressed in the human heart. This is important because the heart cDNA library was generated from 'whole heart' including coronary arteries and possibly small amounts of the great vessels. In contrast, our biopsies were purely of myocardial origin and allow us to conclude that these receptors are specifically expressed by normal human myocardium. Second, the ubiquitous expression of sst1, sst2, sst4 and sst5 on both atrial and ventricular tissue, argues against any selectivity of function of somatostatin between atria and ventricle. It suggests that these receptors fulfil a more fundamental role in the myocardium throughout the human heart. It is common for individual tissues to express more than one subtype of somatostatin receptor. The reasons why this occurs are not known but interactions between different receptor subtypes have been reported (Rocheville et al. 2000) and this may allow greater flexibility in the heart's response to somatostatin. One interesting difference between sst3 and the other somatostatin receptors is its unique ability to couple to apoptosis (Sharma et al. 1996) rather than merely inhibiting growth. Its absence in the normal heart may indicate that it is desirable for somatostatin to modulate cell growth without causing cell death in this tissue. This study only analysed normal cardiac tissue and further studies will be required to determine whether this pattern of expression alters with disease.
At the cellular level cardiac myocytes and fibroblasts are the two main cellular components of the myocardium. Myocytes account for three-quarters of the heart's mass but are generally regarded as being terminally differentiated and unable to proliferate. Instead they can respond to appropriate stimuli by undergoing hypertrophy. In numerical terms, fibroblasts are the predominant cell type in the heart and proliferate readily in both health and disease states. They undergo major change in response to myocardial damage from ischaemia or infarction and during the development of LVH (Weber & Brilla 1991 ). An important difference in receptor mRNA expression was identified at the cellular level with human cardiac fibroblasts expressing sst1, sst2, sst4 and sst5 receptors, while only sst1 and sst2 receptors are expressed by human cardiac myocytes. This is consistent with somatostatin mediating differing effects on the two major cell types in the heart. It also offers the potential to modulate human cardiac fibroblasts selectively through the sst4 and sst5 receptors without any effect on the myocyte population. The SRLs in common clinical use (octreotide and lanreotide) are active at both sst2 and sst5 receptors and would therefore be expected to mediate effects on both cell types.
Although we cannot exclude the possibility of cell culture influencing receptor mRNA expression, this is unlikely. In the case of myocytes, these cells were frozen immediately after isolation with little chance for gene expression to alter significantly.
Our fibroblasts were cultured for longer but receptor subtype expression did not change, at least qualitatively, during subsequent passages. Furthermore the same receptors were found on these cells as were present on whole myocardial tissue that was frozen immediately after removal from the patient.
An obvious limitation of PCR-based studies is that only gene transcription is detected which fails to provide information about whether the message is translated, in this case into functional receptors on the cell surface. Consequently, we sought to demonstrate the expression of somatostatin receptors on human cardiac fibroblasts. Mobilisation of intracellular calcium was performed as this response can be resolved at the level of a single cell and has been identified to varying degrees by all subtypes of recombinant somatostatin receptors expressed in COS-7 cells . Using this approach, human cardiac fibroblasts were shown to mobilise intracellular calcium in response to somatostatin, proving that functional somatostatin receptors are expressed on the cell surface. The lack of commercially available receptor subtype selective agonists and antagonists at the time of study hampered further clarification of the pharmacology and, hence, functional subtypes expressed.
This study provides the platform for further experiments to firmly establish a link between somatostatin receptors and cardiac growth. It shows that the mRNAs for somatostatin receptor subtypes sst1, sst2, sst4 and sst5 are expressed by the human heart. At the tissue level there is uniform expression between atrial and ventricular tissue but at the cellular level there is differential expression with sst1 and sst2 being expressed in both human cardiac myocytes and fibroblasts but sst4 and sst5 only being found in human cardiac fibroblasts. At least one subtype of these receptors couples functionally to the moblisation of intracellular calcium in human cardiac fibroblasts. These findings would be consistent with the notion that in the treatment of acromegaly with somatostatin analogues, there could be a direct effect on the heart causing LVH regression, in addition to effects due to lowering IGF-I. Such a direct effect might be beneficial in other conditions where the presence of LVH confers risk. This is consistent with a case report (Gunal et al. 1996 ) and a small Japanese study (Demirtas et al. 1998) documenting regression of LVH due to hypertrophic cardiomyopathy with octreotide treatment. An implication relevant to modern management of acromegaly is that treatment with the growth hormone receptor antagonist pegvisomant (Fuh et al. 1992) would be expected to reduce circulating and local IGF-I levels in the heart but would not activate local somatostatin receptors. It remains to be seen whether the encouraging results of treatment in terms of biochemical and symptom control (Trainer et al. 2000 , van der Lely et al. 2001 
